Based on the first-principles plane wave calculations, we studied the functionalization of the two-dimensional single layer MoS 2 structure via adatom adsorption and vacancy defect creation. Minimum energy adsorption sites are determined for sixteen different adatoms, each gives rise to diverse properties. Bare, single layer MoS 2 , which is normally a nonmagnetic, direct band gap semiconductor, attains a net magnetic moment upon adsorption of specific transition metal atoms, as well as silicon and germanium atoms. The localized donor and acceptor states in the band gap expand the utilization of MoS 2 in nanoelectronics and spintronics. 
Introduction
The synthesis of molybdenum disulfide, MoS 2 , flakes have been subject of interest due to the unique symmetry of honeycomb structure and esoteric binding mechanism. [1] [2] [3] Recently, 2D suspended single layer MoS 2 sheets (specified as 1H-MoS 2 ) have been produced. 1, 4, 5 Single layer MoS 2 nanocrystals of ∼ 30 Å width were also synthesized on Au(111) surface. 2 Liquid exfoliation of nanosheets of MoS 2 and other transition metal dichalcogenides, such as MoSe 2 , WS 2 , MoTe 2 , NbSe 2 , NiTe 2 , are reported. 6 1H-MoS 2 is made of hexagons with Mo and two S atoms situated at alternating corners. Recently, this material with its nanoribbons has been an active field of theoretical studies. [7] [8] [9] [10] [11] [12] MoS 2 has been used in ultra low friction studies. Formerly, the surface of 3D graphitic MoS 2 is used for these experiments to achieve a friction coefficient of 10 −3 along the sliding direction in its basal planes. 13 Recently, experiments 14, 15 using friction force microscopy and theoretical calculations 16, 17 on atomically thin sheets of MoS 2 are confirmed the superlubricity of hexagonal MoS 2 structure. In addition to superlubricity, other areas, where MoS 2 appears to be a potential material for various technological applications, are hydrogen production, 18, 19 hydrodesulfurization catalyst used for removing sulfur compounds from oil, [20] [21] [22] [23] [24] [25] [26] solar cells, 27 photocatalysis. 28 Photoluminescence is measured in monolayer MoS 2 which is absent in graphitic structure. 29 Most recently, a transistor fabricated from single layer MoS 2 has indicated the superior features of this 2D material over graphene. 30 Studies to date suggests that MoS 2 can be promising for optoelectronic devices, solar cells, and LEDs.
Various properties revealed earlier for 3D graphitic MoS 2 and nowadays for 2D single layer 1H-MoS 2 have made the functionalization of these structures by adatoms or vacancy defects a current issue. Ab-initio calculations were carried for adsorption of thiophene 31 on catalytically active surface of MoS 2 crystal, which is used in hydrodesulfurization process. Similarly, the adsorption of aromatic (thiophene, benzothiophene, benzene, naphthalene, pyridine, quinoline) and conjugated compounds (butadiene) on the basal plane (0001) of MoS 2 were studied. 32 Huang and Cho 33 investigated the adsorption of CO on MoS 2 surface and calculated the relative energies of different reaction paths. Implementing local magnetism through defects or impurities has been the focus of first-principles calculations. Fuhr et al. 34 found that S vacancy defect on MoS 2 surface, as well as substitutional doping of Pd and Au do not induce magnetic moment, whereas Fe and V induce magnetic moments when substituted with S atoms at MoS 2 surface. Adsorption and substitutional doping of Nb atoms on MoS 2 surface were also investigated. 35 Since the magnetism based on sp-orbitals yields long-range exchange coupling interactions as compared to d− and f − orbitals, implementing magnetic properties to MoS 2 monolayer through nonmagnetic adatoms have been also considered. Theoretical studies concluded that H, B, C, N and O can significantly modify the magnetic and electronic properties of this material. 36 In this paper we present a systematic study to reveal the general effects of the adsorption of selected adatoms and vacancy defect on the electronic and magnetic properties of perfect 1H- 
Method
Our results are based on first-principles plane wave calculations within density functional theory (DFT) using projector augmented wave (PAW) potentials. 37 The exchange correlation potential is approximated by generalized gradient approximation (GGA) using PW91 38 functional both for spin-polarized and spin-unpolarized cases. While all discussions in the paper are based on the results obtained within GGA using PAW potential, calculations within local density approximation 39 (LDA) using PAW are also performed for specific cases for the purpose of comparison. All structures are treated within the periodic boundary conditions using supercell geometry. Kinetic energy cutoff, Brillouin zone (BZ) sampling are determined after extensive convergence analysis. A large spacing of ∼ 10 Å between 2D single layers of MoS 2 is taken to hinder the coupling between them.
A plane-wave basis set with kinetic energy cutoff of 600 eV is used. In the self-consistent field potential and total energy calculations, BZ is sampled by special k-points. 40 The numbers of these k-points are (35x35x1) for the unitcell and (5x5x1) for the adatom adsorption in (4x4) supercell of 1H-MoS 2 . All atomic positions and lattice constants are optimized by using the conjugate gradient method, where the total energy and atomic forces are minimized. The convergence for energy is chosen as 10 −5 eV between two consecutive steps, and the maximum Hellmann-Feynman forces acting on each atom is less than 0.02 eV/Å upon ionic relaxation. The pressure in the unit cell is kept below 1 kBar. Numerical calculations have been performed by using VASP. 41, 42 Since DFT within GGA underestimates the band gap, frequency-dependent GW 0 calculations 43 are carried out to correct the band gaps. Screened Coulomb potential, W, is kept fixed to initial DFT value W 0 and Green's function, G, is iterated four times. Various tests regarding vacuum separation, kinetic energy cut-off energy, number of bands, k-points and grid points are made. Final results of GW 0 corrections are obtained using (12×12×1) k-points in BZ, 400 eV cut-off potential, 192 bands and 64 grid points for 1H-MoS 2 . We were not able to apply GW 0 corrections for adatoms and vacancy due to large number of atoms in the supercells. Bader analysis 48 7 calculated the direct band gap 1.69 eV within GGA+PAW using relatively smaller energy cut-off. Mendez et al. 9 found the direct band gap within LDA as E g =1.8
eV using local basis set. 49 Lebegue and Eriksson 8 carried out LDA+PAW calculations using experimental lattice constants and found the band gap to be 1.78 eV. The band gap calculated in the present work is in fair agreement with previous studies. 7,9,10 However, we show that band gaps determined in earlier studies increase ∼1 eV upon GW 0 correction. The band gap calculated within GGA(LDA)+PAW is corrected using self-energy method GW 0 to be 2.50(2.57) eV. The corrected band gap is ∼0.6-0.7 eV larger than the value measured experimentally. 5 The situation with graphitic MoS 2 , which consists of the stacking of 1H-MoS 2 layers is, however, different.
The indirect band gap of graphitic MoS 2 calculated within GGA(LDA)+PAW is 0.85(0.72) eV and is corrected to be 1.44 (1.28) eV. In particular LDA+PAW band gap corrected by GW 0 is in good agreement with the experimental value. 50 Since LDA/GGA is designed to describe systems with slowly varying electron density and may fail to model localized d-orbitals, 51 can be oxidized is an important issue, which may limit future applications. The first question one has to address is, of course, whether these adatoms can form strong and stable bonding with 1H- Since the atomic radii of other group 4A elements, Si and Ge, are larger than that of C adatom, their adsorption geometry differs from the adsorption site of C at the S-3 site. Si and Ge can only be adsorbed on the S-plane at the S-4 site and attain a local magnetic moment of µ = 2 µ B . This is a crucial result, since magnetic properties to MoS 2 monolayer are implemented through nonmagnetic adatoms.
The excess charge on the adatom (which is denoted as ρ * in [table] 
Vacancy Defects
It is known that the vacancy defect in 2D graphene, [65] [66] [67] [68] [69] graphene nanoribbons, 70, 71 2D graphane 72 and graphane nanoribbons 73 give rise to crucial changes in the electronic and magnetic structure. According to Lieb's theorem, 74 are calculated by subtracting the total energy of the perfect structure (without vacancy) from the sum of the total energy of a structure having a particular type of vacancy and the total energy(ies) 
Discussion and Conclusions
The adsorption of adatoms and creation of vacancy defects in 2D single layer of MoS 2 honeycomb structure have crucial effects on the electronic and magnetic properties. We found that several adatoms can be adsorbed readily at diverse sites with significant binding energy. In this respect, MoS 2 appears to be a material, which is suitable for functionalization. While two dimensional, single layer MoS 2 is a direct band gap semiconductor, magnetic or nonmagnetic localized gap states due to adatoms occur in the band gap and expand the capacity of this material in nanoelectronics and promise future applications. Additionally, two dimensional sheets of MoS 2 can attain a local magnetic moments through adsorption of 3d-transition metal atoms, as well as Si and Ge. Carbon being of particular interest, we also examined the adsorption of C 2 and linear C 3 . 
